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ABSTRACT 
In the present study, molybdenum doped chromium nitride coatings deposited onto 
silicon substrates via unbalanced magnetron sputtering, in as-deposited and annealed 
conditions, at 500 – 800 C in steps of 100 C, were studied to reveal their 
temperature dependent structural, morphological, optical and mechanical behaviors. 
An analysis of these features was carried out using X-ray diffraction (XRD), field 














spectroscopy, nanoindentation and finite element modeling (FEM) techniques. XRD 
results exhibited a significant improvement in the crystallinity of the Molybdenum 
(Mo)-doped chromium nitride (CrN) coatings along (111) and (200) diffraction 
planes, as the annealing temperatures increased. The lattice parameters gradually 
decreased from 4.20 to 4.12 Å as the temperature increased. The same tendency was 
also observed for lattice microstrains and residual stresses. Smooth grain-like surfaces 
were observed by FESEM imaging techniques. At an annealing temperature of 700 
C, the spectral absorptance of Mo:CrN films attained its peak value (86%), whereas 
the energy band-gaps were reduced from 2.48 to 1.14 eV. The other optical parameters 
such as complex dielectric constants, Urbach energy values, and steepness parameters 
of these coatings were also discussed. The hardness and elastic modulus of the as-
deposited Mo:CrN films were estimated to be 18.4 and 287 GPa, respectively. At a 
film thickness of 1.0 µm, the highest stress of 20 GPa was evaluated, via FEM studies, 
at the interface between the film and the substrate. As the film thickness was 
enhanced, the stress level decreased. At higher annealing temperatures, both the 
mechanical hardness (H) and the elastic modulus (E) of Mo-doped CrN coatings 
dwindled.  
Keywords: Annealing temperature; molybdenum doped chromium nitride; thin film 
coatings; lattice constants; residual stress; solar absorptance; optical band-gap; 
hardness. 
1. Introduction 
Metal nitride coatings such as titanium nitrides and chromium nitrides have attractive 
physico-chemical, optical, electronic, mechanical and thermal characteristics which make 
them suitable and scalable in a wide range of technological and industrial applications [1-
6]. Due to their high hardness, good adhesion to substrate, excellent wear resistance, low 
friction coefficient, high corrosion and oxidation resistance, attractive elastic modulus 
values, high melting point and superior chemical stabilities, these coatings have been 
widely used in high-speed cutting and  machining [7], moulding dies and cold forming 
[8], combustion engine moving parts and  rocket nozzles [9]. Chromium nitride (CrN)-
based coatings proposed to show significant superiority over TiN-based coatings in terms 
of corrosion and wear resistance, and anti-oxidant behaviours at high operating 














widely investigated to improve their structural, mechanical, optical, and chemical 
characteristics.  
 
The sputtering deposition technique is considered as a favorable method for fabricating 
ceramic-based CrN coatings with high quality structure, good mechanical and tribological 
properties [8, 9]. The majority of these studies have been focused on doping the binary 
CrN by other elements, e.g., Ti [12], Si [13, 14], Al [15], Cu [16], V [17], Nb  [18],  and 
Mo [19]. It has been reported that the dopants either substitute the host atoms on their 
sites or distribute their atoms around the amorphous grain boundaries at the columnar 
nanocrystalline structure of CrN coatings. Molybdenum (Mo) has been extensively used 
as a dopant for CrN coatings due to its potential to improve the hardness [19], wear, 
friction and corrosion resistance [20-22]. It is considered as a suitable dopant to the CrN 
structure due to its ability to form a molybdenum oxide layer on the surface of the coating 
which suppresses the diffusion of oxygen into the upper surface of coatings [20, 23]. 
Ezazi et al. have reported that the Mo-dopant significantly affects the preferred 
orientation of CrN coatings [24].  The incorporation of Mo also induces the compressive 
residual stress in the lattice structure of CrN. Moreover, the mechanical properties such as 
hardness, elastic strain and plastic deformation resistance of Mo-doped CrN coatings 
were remarkably enhanced [19, 20]. All of these attributes/features/qualities confirm the 
vital role of Mo-doping in manipulating the hardness and damage resistance of CrN 
coatings. However, the effect of annealing on the morphological, opto-dielectric and 
mechanical properties are not well understood, so further detailed investigations in this 
respect is highly desired. 
The defect or impurity is, generally, introduced due to the elimination or addition of 
atoms to a system, and/or due to the charge imbalance trapping of photogenerated charge 
carriers. The formation of defects is also associated with the film synthesis process, 
experimental growth, or annealing environment. As a result, the defect formation energy 
strongly depends on the chemical potentials of the forming atoms scattered by the 
environment [25]. The structural, compositional, and morphological studies of physical 
vapour deposited (PVD) sputtered Mo–Cr–N and Al–Cr–N coatings indicated that the 
increase of residual stresses with the enhancement of Al/Mo-content is associated with 
the microstructural defects introduced due to the replacements of Cr atoms by Al or Mo 














films at a lower Cr-content with higher N-vacancies offer outstanding mechanical 
characteristics useful for numerous industrial and technological applications [26].  
The CrN, and Mo-doped CrN sputtered thin film coatings were investigated to 
comprehend their structural, spectral selective, and mechanical features in both as 
deposited and annealed at various temperatures [27, 28]. Various optical coefficients such 
as optical absorption coefficient, optical band-gaps, complex refractive index, dielectric 
constants, and energy loss functions of these coatings were thoroughly inspected. The 
nanoindentation and finite element modeling results indicated that the hardness and 
elastic modulus values of CrN coatings were significantly reduced with the annealing 
progression. In view of these facts, this study has extensively examined the evolution of 
Mo-doped CrN coatings as a function of annealing temperatures in the range of 500–800 
C in steps of 100 C. Nano-indentation experiments and finite element stimulations were 
also carried out to reveal their mechanical characteristics. It also aimed at attaining a 
control methodology to develop a novel metal nitride based coating with the desired 
physico-chemical, optical, dielectric, and mechanical properties for mid to high 
temperature applications.  
2. Experimental 
2.1 Film preparation methodology 
An unbalanced magnetron sputtering ion plating (UDP650, Teer Coatings Ltd, UK) 
system was used to fabricate Mo:CrN films onto Si (100) substrates. Two chromium 
(Cr) and one Mo targets (99.9% purity; 345 × 145 × 8 mm size) were used in the 
system to coat the films. Elaborate details of the specimen preparation methodology 
have been described elsewhere [26]. Finally, the obtained Mo:CrN thin film coatings 
were annealed at 500–800 C in steps of 100 C in air for 1 hour. Extensive details of 
the synthesis conditions of Mo:CrN coatings have been tabulated in Table 1. 
 
2.2 XRD analysis 
XRD measurements were conducted using a Bruker AXS D8 Advance X-ray 
diffractometer (Cu-Kα radiation of wavelength, λ = 1.54 Ǻ), operated at 40 kV and 40 
mA and integrated with a Lynx-eyed detector. The scan parameters used were: 2θ 
scan range (degree) 30 – 65; step size (degree): 0.01, time/step 0.15 sec, and the total 
scan time/sample was ~15 minutes. Phase identification of the films was confirmed by 














parameters of the defined structures were estimated from the XRD peaks using 




2.3 FESEM imaging 
The structural morphologies of as-deposited and annealed Mo:CrN thin film coatings 
were analysed via Philips XL 20 SEM provided with an electron dispersive X-ray 
(EDX) analysis column and a Zeiss Neon 40EsB Field Emission Scanning Electron 
Microscopy (FESEM). The samples were fixed onto the holder using carbon tape 
prior to coating with platinum in order to minimize the charging effects.  
 
2.4 UV-Vis studies 
A JASCO UV-670, USA double beam spectrophotometer was used to record the 
reflectance spectra of Mo:CrN coatings in the wavelength range of 190 to 2300 nm. 
The solar absorptance of Mo:CrN coatings was estimated using the Beckman-Duffie 
method described in [29, 30]. Other optical constants such as solar absorptance, 
optical band-gap, and dielectric parameters of as-deposited and post annealed of 
Mo:CrN sputtered coatings were computed from the UV-Vis reflectance data.  
 
2.5 Nanoindentation and Finite Element Modeling (FEM) Tests 
In this study, experimental nanoindentation was carried out to investigate the 
mechanical properties of Mo:CrN thin film coating, via Ultra-Micro Indentation 
System 2000 workstation (CSIRO, Sydney, Australia). This nanoindentation machine 
is equipped with a diamond Berkovich indenter. Calibration of the indenter was 
performed using a standard fused silica specimen. In the experiments we used load 
control method with a maximum loading of 5 mN, this is due to the fact that the 
Mo:CrN coating thickness is 1.4 µm, and that the maximum indentation depth during 
indentation should be no higher than 10% of the coating thickness. Also, this high 
loading may result in micro-cracks in the relatively brittle coating layers. The number 
of measuring points was set to 15 during loading, and 20 during unloading. COMSOL 
Multiphysics software has been used as the modeling tool (FEM) to simulate the 
intensity and distribution of loading induced stress within different coatings materials 














indenter (5 µm radius) at the top of the Mo:CrN coating layers with different 
thicknesses. Its objective is to evaluate the magnitude and distribution of the stress 
within the film, as well as the influence of the film thickness and type of the substrate 
on the integrity of the film-substrate system. The coating layers with different 
thicknesses were modeled and built on four different types of substrates: silica, silicon 
100, silicon 110, and steel, which are the typical scenarios of real industrial 
applications [31, 32]. 
 
3. Results and discussion                
3.1  XRD analysis as-deposited and annealed Mo:CrN films 
The XRD patterns of as-deposited and annealed Mo:CrN thin film coatings are shown 
in Fig. 1. The XRD results confirm the presense of face-centered-cubic CrN structures 
with  a space group: Fm-3m (ICDD 11-0065). The Bragg peaks featured at 2θ (= 37, 
43 and 63) are assigned to (111), (200), and (220) reflection lines, respectively [19, 
22, 33]. The main diffraction peaks of the (111), and (200) reflection lines were 
broadened due to an overlap of the peaks of the CrN and Mo2N phases. This is 
consistent with results reported in Ref. [33]. Moreover, the crystalline structures of  
both CrN and Mo2N phases improved with increasing annealing temperature due to an 
enhancement of the grain growth and release of residual stress in the lattice structures 
[23]. A new phase of Cr2O3 was observed at 32.5, 41.4 and 51.3 referring to (104), 
(113) and (024) reflection planes, respectively (ICDD 38-01479) for the coatings 
annealed at 600 C [34-36]. It is believed that in Mo-doped CrN coatings, the CrN 
phases are oxidized at higher annealing temperatures due to the external dissemination 
of chromium and nitrogen. However, the surface oxygen molecules are dispersed 
inwardly to form metal oxides around the coating surfaces.  
 
The lattice constant of as-deposited  Mo:CrN coatings was calculated to be 4.20 Ǻ, 
and it slightly decreased to ~ 4.125 Å when the film annealed at 800 C (Table 2 and 
Fig. 2), indicating a shrinkage  and distortion in the lattice structures. This is also 
attributed to the release of residual stress resulting from sputtering deposition and/or 
the structural changes during the heat treatment cycles [20, 22].  The Debye method 














From Table 2, the calculated crystalite sizes of as-deposited Mo:CrN coatings were 
106.18 nm, and it sharply decreased to 82.64 nm as the films were annealed at 500 C. 
Then it started to increase with the increase in annealing temperatures, which reached 
to the maximum value of 198.93 nm for the film annealed at 800 C. This is based on 
the fact that high temperature annealing enhances the agglomeration of the coating 
particles, and thereby larger grains were grown [36, 38].  
The microstrain developed within the coatings was calculated by assessing the d-
spacing of the CrN(111) phase using the following relation [39], 
                                  ε = 
     
  
 
        (1) 
where ε is the microstrain component, and   and    are the experimental and usual d-
separation values, respectively. The internal residual stress,  x  values were calculated 
using,  
                                     
 
     
    
     
  
        (2) 
Experimentally measured values of the elastic modulus and Poission’s ratios were 
used to estimate the internal residual stress values.   
Refering to Fig. 3 and Table 2, it is seen that the microstrain in the Mo:CrN structure 
releases gradually and smoothly, while in CrN coatings microstrains were steadily 
realeased until the system reached 600 C and then increased abruptly at 700 and 800 
C [28]. The growth of residual stress in Mo:CrN films is associated with two 
mechanisms: (i) the difference in the thermal expansion coefficients between the 
coatings and substrates,  and (ii) the occurence of various defects (e.g., vacancies, 
cracks, and disorders) around the coating surfaces. The internal stress release is also 
believed to be related to the absorption and annihilation of sputtering imperfections 
during the heat treatment cycles. Thermal treatment also results in the dispersion of 
deficiencies in the Mo:CrN phase, and  these defects are absorbed in  the grain 
bounderies. Our results are in good agreement with an earlier report [38]. The lattice 
microstrains and compressive residual stresses, in Mo:CrN coatings, are slightly 
higher than those of CrN coatings, and decreased for both coatings as the annealing 
progresses (Table 2 and Fig. 3). These trends of changing the lattice constants,  lattice 
microstrains and compressive residual stresses of Mo:CrN coatings with respect to the 
annealing process are consistent with the Fourier analysis diffraction peak studies 















3.2 Morphological features of Mo:CrN films via FESEM studies 
The surface morphologies of as deposited and annealed Mo:CrN coatings are shown 
in Fig. 4. The Mo:CrN coating showed a plane grain-like surface along with a 
combination together with a mixture of asymmetrical grains and insignificant aspect 
ratios. The grain sizes of Mo:CrN structures were estimated to fall in the range of 45 
and 237 nm. These observations were consistent with an earlier FESEM 
measurements [41, 42]. By way of contrast, the surface features observed from the 
Mo:CrN coatings were different in size and shape. With the subsequent annealing 
procedures, the Mo:CrN surface features were transformed from as-deposited narrow 
and trilateral condensed assemblies to coarse and face-centered morphologies. The 
Cr2O3 phases were seen at top coatings’ layers and beyond 600 C, subsequently 
enlarging the crystallite sizes were subsequently enlarged [42]. In summary, the key 
deviations in microstructural features of Mo:CrN coatings transpired at annealing 
beyond 600 C [41-44].  
3.3 Opto-dielectric characterizations of Mo:CrN coatings 
3.3.1 UV-Vis investigations 
The reflectance data, measured in the UV-Vis range of 190-2300 nm, has been used to 
calculate the solar absorptance of Mo:CrN thin film coatings using Duffie-Beckman 
method [45-47]. Fig. 5 shows the reflectance spectra of as-deposited and annealed 
Mo-doped CrN thin film coatings. We have selected only four annealing steps, since 
they afford an optimized reflective system compared to other annealing cycles [48]. 
As seen in Fig. 5, in general, the absorption edges shift towards the longer wavelength 
sides with the rise in annealing temperatures. Fig. 6 shows the dependence of the 
absorption coefficient of fabricated Mo-doped CrN coatings on the annealing 
temperature. It is clear from Fig. 6 that, all coatings show an increase in the 
absorption coefficient in the visible region with increasing annealing temperature, 
except the film annealed at 500 C. The maximum absorption coefficient was 
observed for the film annealed at 700 C [49]. In general, it has been proposed that the 
reflectance behaviors of Mo-doped CrN coatings in the near infra-red (NIR) region is 
governed by three factors: (i) coating thickness, (ii) the fundamental properties of 














The absorption edge of the film coated with Mo:CrN, annealed to 800 C reaches a 
reasonably long wavelength at 1500 nm with a lower interference peak and absorption 
edge than the other spectrum for annealed and as-deposited Mo:CrN coatings. These 
reduce the absorption value of the film coating annealed at 800 C. The highest 
absorptance among the other four spectra is 86% for the film annealed at 700 C (see 
Table 3). It can be assumed that the coating annealed at 700 C may attain the 
optimum state due to its highest solar absorptance of 86%, which is very encouraging 
when compared to the other coating systems. Consequently, these coatings have great 
potential for being used as selective surfaces in solar energy collecting devices. We 
believe that the nano-grains grown during the high temperature annealing stage 
induces the formation of solid solutions (see the FESEM images). These solid 
solutions successfully provide a favourable surface for incoming solar radiation to be 
absorbed via manifold reflections [52]. As such, this improves the solar absorption as 
a result of the interaction and relaxation mechanism in the absorber as well as 
multiple reflections and resonant scattering phenomena which occurred around the 
pore/aggregate [45, 53].  
3.3.2 Optical band-gap analysis 
The energy band-gaps of the fabricated coatings were calculated via Tauc plots using 
the following relation [46, 54-57]. Tauc plots of (βhν)2 vs hν of Mo:CrN coatings are 
shown in Fig. 7 and the corresponding energy band-gap values are tabulated in Table 
3. The energy band gap values of as-deposited and annealed coatings lie between 1.22 
and 2.48 eV. It was found that the energy band-gap values of Mo:CrN coatings 
systematically decreased with increasing annealing temperatures. This band-gap study 
is consistent with the lattice parameter values of these coatings. The lowest value of 
Eg was assigned to be 1.14 eV for the films prepared at 700 C, and it increased to 
1.22 eV as the annealing increased to 800 C. This could be related to the 
improvement of crystallite in the annealed coating compared to the as-deposited one. 
This decrease in band-gap values is useful in enhancing the selective spectral 
absorption ability of the Mo:CrN films. It is known that the spectral absorption of 
selective surfaces is surely related to the existence of localized states in the vicinity of 
forbidden energy-gaps. The absorption curves provide significant evidence on these 
localized states as they substantiate the existence of irregularities around the coating’s 














3.4 Dielectric characterizations 
Figs. 8 (a) and (b) show the real and imaginary parts of the dielectric constant of 
Mo:CrN coatings before and after annealing. It is observed that in the visible and 
ultraviolet (UV) regions, both the real and imaginary parts of the dielectric constant 
values increase with increasing annealing temperatures. This may be attributed to the 
increase of electron density in the CrN thin film coatings due to Mo-doping. 
Additionally, the improvement in the crystallinity of these coatings due to the 
enhancement of annealing temperature could possibly decrease both the electron 
scattering and density of grain boundaries in the coatings structures, hence the trapped 
electrons result in and increase in the density of the free-electrons [59-61]. In general, 
the power loss factor mainly arises from inelastic scattering routes during the charge 
conduction and charge transmission procedures of a dielectric medium. From Eq. 6 
and Fig. 8 it can be seen that, annealing will result in an increase in both the energy 
loss and energy stored in the media, which in turn will cause an increase in the 
absorption within the media. This is consistent with the experimental results shown in 
Fig. 6. 
3.5 Urbach energy and steepness parameter  
The spectral absorption coefficient, β strongly depends on the photon energy,   , and 
on the presence of localized states around the band gap. The relationship between β 
and    is known as the Urbach empirical rule. According to Tauc's theory the density 
of these states fall off exponentially with the photon energy by the following relation 
[58, 62]: 
                                            (
  
  
)                                               (3) 
                                               (
  
  
)                                        (4)                                      
where    is a constant,    is the incident photon energy and EU is the Urbach energy. 
The behavior of ln  as a function of photon energy near the absorption edge of 
Mo:CrN coatings before and after annealing is outlined in Fig. 9. The slope of the 
tangent straight lines leads assists in determining the Urbach energy, EU of Mo-doped 
CrN films. Fig. 10 illustrates the variations of Urbach energy of CrMoN before and 
after annealing, and the corresponding values are recorded in Table 3. From Fig. 10, it 
is observed that the EU values were decreased with the increase in annealing 














al. and Xue et al. [58, 63]. The reduction of Urbach energy values is associated with a 
few factors: the reduction of the localized density of states around the tails of the 
absorption edges, the increase in degree of crystallinity of these coatings, and the 
coatings’ quality enhancements. Urbach band tail studies of these coatings is also 
found to be -consistent with the energy band-gap studies, where Eg values were also 
dwindled with the gradual rise annealing temperatures. 
 
According to Tauc's theory, the absorption density of these states related 
exponentially with the photon energy by the following relation,  
                                                (
   
   
)                                              (5)  
where   is a constant known as the steepness parameter and is expressed as, 
                                         
   
  
                                              (6) 
Using the above relation, the steepness parameters,   of Mo:CrN coatings were 
estimated and tabulated in Table 3. From the steepness parameter plots, of Mo:CrN 
coatings, before and after annealing it can be observed that the steepness of the 
Urbach tails  behave in an opposite manner to the Urbach energy depending on the 
annealing temperatures. The steepness parameter of Mo:CrN coatings gradually 
increased with the increase of annealing temperatures. As a result, the degree of 
crystallinity of the Mo:CrN coatings was enhanced. Steepness parameters are also 
found to be consistent with other results such as energy band-gaps, and Urbach 
energy. Generally, the optical band structure and optical transitions are strongly 
affected by the width of the localized states around the band gaps of the coatings [58, 
62]. Referring to Tauc's theory (Eq. 5), the absorption coefficient around the 
absorption edge exponentially depends on hν, and follows the Urbach law. 
Interactions between lattice vibrations and localized states in tail of the coatings band-
gap have a significant impact on the optical properties of these coatings.   
 
3.6 Mechanical characterizations of Mo:CrN films: Nanoindentation and FEM 
modeling  














The indentation results of Young’s modulus E and hardness H are shown in Fig. 11 
and Fig. 12, respectively. The elastic modulus E varied within a narrow range of 275-
290 GPa. No significant changes were identified for the samples before and after 
annealing up to 700 C, while a drop in E about 5% was observed for the sample 
annealed at 800 C. As such, annealing has less influence on the Young’s modulus of 
the CrMoN samples, compared to that of the E value of the CrN sample which had a 
22% drop after 800 C heat treatment [28]. Variation of the hardness H of CrMoN 
film with annealing temperature is within the range of 17.7 – 18.5 GPa, as indicated in 
Fig. 12, showing a ~4% decrease after annealing. This is compared to an 8% decrease 
for the CrN sample. This trend, i.e., both E and H decrease after annealing, is 
compatible with previous studies for different samples [28, 64, 65].   
 
3.6.2 Finite element modeling (FEM) 
In this work, Comsol Multiphysics software was used as the modeling tool to simulate 
the intensity and distribution of load induced stress [26] within different coatings 
materials and configurations. The objective of the FEM modeling is to evaluate the 
magnitude and distribution of the load induced stress within the film, as well as the 
influence of the film thickness and type of substrate on the integrity of the film-
substrate system. Further details of modeling, including geometry and meshing 
generation etc., have been provided in our previous works [28, 32]. The elastic moduli 
obtained from our nanoindentation work were used for the coating layer. Parameters 
for films are given in Table 4. Note that the steel substrate is modeled as linear plasto-
elastic material, with yield strength of 0.675 GPa, and an isotropic tangent modulus of 
1.7 GPa   [32]. 
 
Frequently the load carrying capability of the films is assessed by the equivalent 
stress, or von Mises stress, labelled as σequiv. This is a measure of the ‘severity’ of the 
of load induced stress, or an assessment of the potential damage it could cause, and 
can be expressed by, 
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where σxx, σyy, σzz, σxy, σyz, and σzx are the corresponding stress tensor components.
 
Similar to our previous results on the CrN films [28], two primary high stress 
concentrations in the coating layer were identified, one is close to the indenter, and 
the other is located in the interface between the coating and substrate. With the 
increase in indentation depth, the stress maximum moves downwards towards the 
interface between the coating and substrate (Fig. 13). Furthermore, during this process 
the intensity of shear stress also increased. These may be considered as a   primary 
cause of lateral delamination and cracks [66]. At the same indentation depth, higher 
stress levels will be induced within ‘harder’ materials, or materials with a higher 
Young’s modulus. After samples are annealed, the modulus will normally decrease 
hence the stress level will also decrease (Fig. 14). We also evaluated the influence of 
the different substrate materials, as well as the film thickness, on the stress 
distributions within the film is also analyzed through FEM modeling works. Generally 
speaking, softer substrate materials help alleviate the stress level within the films, and 
allow stress tends to concentrate towards the interface between the film and a plasto-
elastic substrate (such as most metals).  
 
The distributions of load induced stress in films with different thicknesses are shown 
in Fig. 15. The thickness of the films, t, varies between 1 ~ 2 µm. Within a thin film 
of 1.0 µm the highest stress, ~ 20 GPa, appear at the interface between the film and 
substrate. With the increase of the film thickness the stress level decreases, and the 
maximum moves upwards away from the interface. For the 1.4 µm film, the 
maximum stress level reduced to ~ 15 GPa. Further increase of the film thickness will 
completely remove the stress concentration at the interface (Fig. 15). Stress 
concentration near the interface is the primary cause for the damage at the film-
substrate interface, resulting in delamination, or lateral cracking [32, 66]. Under the 
same loading, stress concentration tends to move away from the interface, hence 
reducing the possibility of delamination. 
 
As a short summary, the hardness and elastic modulus of the as-deposited Mo:CrN 
film were evaluated as 18.4 GPa and 287 GPa, respectively, from the indentation 
results (Table 5). Annealing at a temperature below 600 C does not affect H and E, 














those of CrN films, the mechanical properties of Mo:CrN films show better resistance 
to heat treatment [28]. Dongli Qi et al. [19] have reported that via nano-indentation 
measurements,  CrMoN film coatings hardness H and effective elastic modulus E* 
have increased gradually with the increasing of sputtering temperature Ts from 100 to 
300 C. 
Under the same loadings, the film stress levels reduce after annealing. Stress level and 
distribution will change when a different type of substrate is used. Substrates with a 
higher elastic modulus will induce a higher level of stress within the coatings. Using 
metal substrates with plasto-elastic properties could increase the possibility of 
delamination under loading. Increasing the thickness of the film will reduce or even 
remove the stress concentration at the interface, which can help reduce the possibility 
of delamination, and keep the integrity of the coating layer.  
 
4. Conclusions 
This study provides a comprehensive information about crystalline phase, grain size, 
electronic band structure, surface photography, thermal stability and mechanical 
properties of vacuum prepared Mo-doped CrN thin film coatings. A mixture of face-
centered-cubic CrN framework together with a minor Mo2N phase was determined. 
The crystallinity of both phases improves with the increase of annealing temperature. 
A new phase of Cr2O3 forms when the annealing temperature is above 600 C, which 
indicates a serious oxidation occurring at that temperature in air. As the annealing 
temperature increases, the overall crystalline size decreases slightly, but the grain size 
initially decreases from room temperature to 500 C, and then increases from 500 to 
800 C.  FESEM observations demonstrate, as the annealing temperature increases, 
the surface features of Mo:CrN coatings transfers from narrow and trilateral 
condensed assemblies to coarse and face-centered morphologies, and also confirmed 
the change of grain size at different temperatures. UV-Vis analysis provided data for 
optical absorptance, electron band-gap, dielectric constants, Urbach energy and 
steepness parameter. It shows that the coatings achieves its highest solar absorptance 
of 0.86 when the annealing temperature is 700 C.  
 
The nanoindentation studies shown that the film’s hardness, and the elastic modulus 














microstructural features, grain modification, and compressive residual stress of these 
coatings. The inverse relationship between the films’ hardness and grain size of thin 
film materials were also confirmed. It suggests that the formation of nanograins and 
amorphous phases after the heat treatment has governed thin film hardness and elastic 
modulus values. The amorphous layers generated in the grain boundary regions at 
high temperature, which eventually reduces the mechanical strength as well the 
physical hardness of Mo:CrN coating materials, enhances material’s thermal stability 
by impeding the atomic distribution at high temperatures. Finite element modeling 
suggested that softer substrate materials help alleviate the stress level within the 
films– at the same indentation depth lower load induced stress levels were observed in 
the film on a silica substrate. Overall, from this study, we can see some useful unique 
properties, such as superior mechanical properties, good thermal stabilities and with a 
reasonably suitable optical selectivity, from Mo doped CrN coating materials making 
it a promising candidature of future solar selective surface coating materials.  
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Fig. 1. The X-ray patterns of CrMoN films as deposited on silicon substrate and 







































Fig. 2. Temperature dependent (a) lattice constants and (b) grain size of sputtered Mo:CrN films 




































































Annealing temperature (°C) 
Fig. 3. Micros stress (σx) and microstrain (ε) of sputtered Mo:CrN films 
























Fig.4. The FESEM morphological features of sputtered Mo:CrN thin films in as deposited state and 
after being annealed at various temperatures.  
  As-deposited                                  500 °C                                
  600 °C                                  700 °C                                




































Fig. 5. UV-Vis reflectance spectra of Mo:CrN sputtered films deposited onto 

































































































































































































































































Fig. 8. (a) Real part of the dielectric constant, and (b) imaginary part of the dielectric constant of 





































Fig. 9. Photon energy dependence of ln(β) of Mo:CrN sputtered films 






















Fig. 10. Annealing temperature dependence of (a) Urbach energy, and (b) steepness parameter of 

























































                 
 
 















Fig. 11. Elastic modulus plots for the Mo:CrN samples, as deposited, and annealed at 500, 600, 700, 
and 800 °C, respectively. The CrN data from our previous work [27] is also included for comparison 
purpose. 
 































































Fig. 12. Hardness plots for the Mo:CrN sputtered films as deposited, and annealed at 500, 
600, 700, and 800 °C, respectively. The CrN data from our previous work [27] is also 
included for comparison purpose. 
 
 
Fig. 13. FE modeling results of equivalent stress distribution in the as-deposited Mo:CrN film (1.2 
μm) on silica substrate, at different indentation depth. (a) indentation depth 0.1 μm, (b) 
indentation depth 0.16 μm, (c) indentation depth 0.22 μm, and (d) indentation depth 0.28 μm.  
 












































Fig 14.  The modeling results of maximum equivalent stress within the 1.2 μm Mo:CrN coating on silicon 
substrate, at an indentation depth of 0.12 μm, before and after annealing at 500, 600, 700, and 800°C, 
respectively.  
 
Fig. 15.  FE modeling results of equivalent stress distribution within Mo:CrN films with different 
thickness and on silica substrate. The stress is plotted along the symmetrical axis from the surface of the 
film downwards, the indenter depth is set to 0.3 µm.  
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Table 1. Details of the deposition conditions of Mo:CrN unbalanced magnetron 
sputtered coatings. 
Experimental Conditions Mo:CrN/Si 
Substrate Si 
Target materials Two Cr and one Mo targets 
Reaction gas Ar is working gas, N2 is reactive gas 
Substrate thickness (mm) 1.5  
Target to substrate distance (mm) 17  
Substrate DC bias voltage (V) -80 
Substrate holder rotation frequency (rpm) 10  
Ar flow rate (sccm) 50  
N2 flow rate (%) OEM = 30 
Ar partial pressure (Pa) 0.133  
Background pressure prior to coating (Pa) 4 10-4  
Working gas pressure during sputtering (Pa) 0.15  
Cr + Mo targets power (VA) 330  3 
Deposition time (min) 70  
Coating thickness (µm) 1.2  
Interlayer thickness (µm) 0.2  
 
OEM = Controlled by optical emission monitor for nitrogen flow rate measurements  
sccm = standard cubic centimetre per minute (a unit of flow measurements) 
 
Table 2. Variation of crystallite size, lattice parameters, residual stress, and 
macrostrains of Mo:CrN coatings with different annealing temperatures along (111) 
plane. 

















106.18 4.20 37.02 0.01303 5.43 
500 82.64 4.19 37.12 0.01052 4.38 
600 118.41 4.17 37.26 0.0068 2.821 
700 178.58 4.13 37.66 -0.0033 -1.36 






















Table 3. Solar absorptance, band-gaps, Urbach energy values and steepness 



















As-deposited 0.55 2.48 700 0.0367 
500 0.59 1.38 650 0.0395 
600 0.67 1.36 600 0.0428 
700 0.86 1.14 550 0.0467 















Steel 200 0.3 675 1.7 
Silicon (111) 200 0.25 - - 
Silica 80 0.25 - - 
Cr 200 0.3 700 1.7 
Indenter 
(diamond) 
1141 0.07 - - 
  
 
Table 5. Elastic modulus of the Mo:CrN films, derived from the indentation data [23]. 
Annealing temperature (°C) Elastic modulus, E (GPa) Hardness, H (GPa) 
As-deposited 287 18.4 
500 287 18.4 
600 284 17.7 
700 288 17.7 

































1. Mo:CrN sputtered films were studied for the opto-dielectric, and mechanical properties 
2. A high solar absorptance of 86% was attained by Mo:CrN coating annealed at 700°C  
3. Mechanical studies show that hardness & elastic modulus increases with annealing  
4. Substrates with higher elastic modulus induces higher level of coating’s stress  
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